Abstract. The paper presents the investigation of magnetic nanoparticles (MNPs) dedicated to hyperthermia application. The crystal structure and size distributions have been determined by means of transmission electron microscope (TEM) and X-ray diffraction (XRD). Magnetic properties of the nanoparticles were tested by Mössbauer spectroscopy together with calorimetric experiments. The Mössbauer spectroscopic study of MNPs revealed the existence of a superparamagnetic phase. The relative contribution of the relaxing component to the total spectrum at room temperature was about 10%. The heating effect of these MNPs under alternating magnetic fi eld was examined. The temperature increase has reached 5°C in 10 min. The preliminary temperature rise suggests that the investigated materials are applicable for hyperthermia.
Introduction
The use of magnetic nanoparticles (MNPs) in biomedical applications has increased considerably in the recent years [1] [2] [3] . Several applications of MNPs are reported in the literature, ranging from cell labelling [4] and drug targeting [5] to cancer treatment [6] . Currently, MNPs are being investigated for the use in hyperthermia, and it is called magnetic fl uid hyperthermia (MFH).
MFH is based on the feeding of MNPs into tumour and then applying an external magnetic fi eld of hundreds of kilohertz. The dissipation of magnetic fi eld energy associated with the superparamagnetic particles can be explained based on the linear response theory (LRT) [7] in which two relaxation times associated with the Néel relaxation and the Brownian rotation of the particles are considered. Finally, the magnetic fi eld energy is converted into heat and leads to a local temperature rise.
In this work, we undertake the systematic study of dimercaptosuccinic acid (DMSA)-coated magnetite nanoparticles in order to determine the relevant parameters involved in the power dissipation of MNPs i.e. the average particle size, the specifi c absorption rate (SAR), and the intrinsic loss parameter (ILP). Moreover, the characterization of the magnetic properties of MNPs with the Mössbauer spectroscopy measurements was discussed.
Investigation of magnetite Fe 3 O 4 nanoparticles for magnetic hyperthermia Experimental
The sample studied in this work was supplied by Liquids Research Ltd [8] , i.e. DMSA-stabilized magnetite nanoparticles with dominant diameter of 10.3 nm dispersed in the water.
The heating properties of the liquid samples were examined using the nanoTherics MagneTherm system [9] . The applied frequency of magnetic fi eld (f) was 273 kHz, and the magnetic fi eld strength (H max ) was 10.3 kA/m. The magnetic energy dissipation in the ferrofl uid sample was measured using the thermodynamic relation expressed in terms of SAR and ILP as [10] (1) (2) where C is the heat capacity of the sample, T is the temporal temperature, t is the time of measure, L is the constant that quantifi es the proportionality between the temperature and the losses, and T is the difference in temperature (T -T 0 ).
The other measurements were conducted with dried samples. The X-ray diffraction (XRD) patterns were measured by means of a Philips X'Pert PW 3040/60 using diffractometer with CuK radiation at room temperature (RT). They were fi tted using the FullProf program for the Rietveld refi nement method. The 57 Fe Mössbauer spectra were measured in transmission geometry using a constant acceleration spectrometer with a 57 Co/Rh source. Experimental temperatures were controlled by Janis SVT Research Cryostat System. The isomer shift (IS) was calibrated against a metallic iron foil at RT.
Results
The type of the particles, their size distribution, and magnetic properties are very important qualities of MNPs used in magnetic hyperthermia. In order to determine the morphological and structural qualities, transmission electron microscopy (TEM) and XRD measurement were performed. Figure 1 shows the TEM image of nanoparticles. First, one can see that the shape of nanoparticles is very regular, they have a spherical shape. Second, the nanoparticles are well separated. These particles do not connect with one another because they are coated with DMSA surfactant.
DMSA surfactant prevents nanoparticles aggregation, and additionally, it can be a linker that connects chemical molecules or antibodies in the hyperthermia [11] .
In the inset of Fig. 1 , the size distribution of nanoparticles is presented. The average size of the nanoparticles obtained based on the analysis of the TEM images is equal to 11.4 nm.
The XRD pattern of investigated sample is presented in Fig. 2 . The pattern was analysed by means of the Rietveld method. The sample was identifi ed as Fe 3 O 4 . The lattice constant (a) is equal to 8.366 Å, and it is less than the lattice constant for bulk magnetite. The size and the lattice strains of the nanoparticles were determined from the diffraction peak broadening by using the Williamson-Hall method [12] . The size of nanoparticles (d) determined by means of XRD is equal to 12.3 nm, and it is consistent with the size of the nanoparticles observed in TEM image. The lattice strains () are equal to 0.12% and, they are probably connected with surface layer of the nanoparticles. This layer is disordered and, what is more, not all atoms have complete surrounding. Figure 3 shows the Mössbauer spectra of magnetite nanoparticles at various temperatures.
The pattern obtained at a temperature of 3 K consists of two sextets connected with Fe atoms located in tetrahedral and octahedral lattice. The intensity ratio between octahedral and tetrahedral site is equal to 1:2. With increasing temperature, essential modifi cation of intensity ratio can be observed. At a temperature of 200 K, the contribution of octahedral and tetrahedral sites is nearly the same. Additionally, in this pattern, one can see yet another component (about 25%). It can be connected with disordered nanoparticles surface [13] and/or with magnetic interaction between nanoparticles [14] . The component related to surface atoms increases with increasing temperature. This fact is the result of connecting surface atoms and the organic surfactant DMSA. The thermal fl uctuations of this surfactant have an impact on the surface particle disorder. The superparamagnetic doublet component can be observed starting from the temperature of 100 K. This component increases with an increasing temperature (see Table 1 ).
In the superparamagnetic state, the direction of the magnetization of nanoparticles fl uctuates among the easy axis of magnetization. These fl uctuations can occur in the absence of external magnetic fi eld. The relaxation time  is the average time required to change the particle magnetization from one direction to another. The relaxation time depends on the kind of nanoparticles, the temperature, and the size of the particle. It is given by the Néel equation in the following form:
where K is the anisotropy constant of the particle, V is the particle volume, k B is the Boltzmann constant, and T is the temperature.  0 is a constant and equal to about 10 −10 s. The superparamagnetic relaxation of magnetite nanoparticles are correlated with the particle volume and the temperature. At RT, the superparamagnetic phase component is the biggest. When the temperature is reduced, the superparamagnetic fl uctuation is blocked. Below 100 K, the doublet component disappears and only the sextet pattern remains.
The result of calorimetric experiment is shown in Fig. 4 , in which the temperature rise is presented as the function of time. In our case, the magnetic fi eld strength (H max ) was 10.3 kA/m, and the frequency (f) was 257 kHz. The sample was heated for about 53 min and it reached the temperature of 48°C. 
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After that time, the magnetic fi eld was switched off and the sample started to cool down. Taking into account the linear part of the heating curve from Fig. 4 (7.5 min in our case), the SAR and ILP parameters were evaluated (see Fig. 5 ) using the corrected slope method [10] .
Conclusions
In this work, the commercial DMSA-coated magnetite nanoparticles were analysed. The average size of MNPs obtained based on the XRD pattern analysis (12.3 nm) and size distribution from TEM images (11.4 nm) is slightly larger than that declared by the manufacturer (10.3 nm). In these nanoparticles, the superparamagnetism phenomenon is observed above 100 K. The average blocking temperature, which is defi ned as the temperature at which 50% of the magnetically ordered components area has collapsed, is above RT.
The studied nanoparticles can be applied in hyperthermia because they effectively give off heat to the system under the infl uence of alternating magnetic fi eld. The calculated SAR value from calorimetric measurement is equal to 9.24(11) W/g and the ILP is equal to 1.01(1) nHm 
